Glycyrrhiza is a widely used traditional Chinese herb with medicinal value. Recently, however, Glycyrrhiza biodiversity has faced an unprecedented threat due to its increasing demand and sharp reduction in number and population. Therefore, we have studied Glycyrrhiza's genetic diversity to reveal its distribution pattern and evolutionary mechanism. Towards this end, a total of 736 samples from 43 populations of four Glycyrrhiza species (G. uralensis Fisch., G. inflata Bat., G. glabra L., and G. pallidiflora Maxim.) were collected, with nine simple sequence repeat (SSR) markers developed in order to evaluate the genetic structure of populations. Results show that G. uralensis has the highest genetic diversity while G. inflata has the lowest. Moreover, the overall genetic diversity of all four species is higher than that of each individual species, revealing that Glycyrrhiza is genetically diverse. In terms of interspecies differentiation, the average observed heterozygosity is lower than the expected heterozygosity, implying a heterozygote deficiency in more homozygous populations. UPGMA and PCA indicate high genetic distance, with the furthest distance found between G. pallidiflora and G. inflata. Furthermore, AMOVA results show that genetic variation between species is more significant than genetic difference between geographical regions, indicating a high gene flow. Likewise, genetic variation within populations is significantly higher than between populations or among species, indicating a strong natural selection within populations. In sum, our study provides a scientific basis for the rational development, protection, and sustainable utilization of germplasm resources.
Introduction
Glycyrrhiza, more commonly known as licorice, is a perennial, herbaceous Leguminosae with approximately 2000 years of medicinal history in China (Bruneton 1995) . It is an important sand-fixing plant in the desert and semi-desert areas of northwest China with high economic and ecological value. Among all species, only three are certified genuine medicinal plants: Glycyrrhiza uralensis Fisch., Glycyrrhiza inflata Bat., and Glycyrrhiza glabra L. Commonly used medicinal parts primarily consist of the roots and rhizomes (China Pharmacopoeia Committee 2015) . In terms of distribution, 21 total licorice species are distributed throughout Eurasia , 8 of which are distributed in China (Wang et al. 2011) , with G. uralensis being distributed in the Ningxia, Xinjiang, Heilongjiang, Inner Mongolia, Gansu, and Shaanxi provinces, G. inflata in Gansu and Xinjiang, and G. glabra in Xinjiang (Li et al. 2013b ). However, due to wild licorice's exploitation and excavation, over the past decade, Glycyrrhiza resources have decreased sharply and its habitat has been severely damaged (Huang et al. 2010) , leading to it being listed as a second-class protected plant in the "List of species of wild medicinal herbs under national key protection."
To wit, a China-wide field investigation on G. uralensis has reported that whereas the distribution range has not significantly changed, population size and density have been significantly reduced (Huang et al. 2010) . As a result, some native licorice populations have been replaced by soy and maize crops, leading to a distribution pattern of continuous patches (Huang et al. 2010) . Glycyrrhiza biodiversity thus faces an unprecedented threat due to this sharp reduction in population as well as increasing medicinal demand. Although cultivation relieves some of this production pressure, cultivated species contain reduced amounts of glycyrrhizic acid, the main medicinal component in Glycyrrhiza (Huang et al. 2010; Wang 2000; Wei et al. 2003) . Therefore, we find it critical to understand and protect the genetic diversity of wild licorice populations.
Current research on this topic includes morphological analyses (Ji and Shang 2011) , cytological studies (Shi 2002) , and biochemical (Zhang et al. 1999 ) and genetic diversity (Li et al. 2010a ) investigations that use DNA data. In general, it has been found that the genetic variation of genomic DNA is the ideal method for studying genetic diversity, with molecular markers including random amplified polymorphic DNA (RAPD), intersimple sequence repeat (ISSR), restriction fragment length polymorphism (AFLP), and microsatellites (SSR) (Wu et al. 2003; Sun et al. 2007a, b; Ge et al. 2009; Liu et al. 2017 ). Among these, SSR is the ideal marker due to its rich content distribution, high polymorphism, neutrality, codominant genetics, and repeatability in molecular labs. Furthermore, SSR has been widely used in genetic diversity studies to investigate genetic structure, gene flow dynamics, ecological distribution and migration, phylogeny, geographical variation, and evolution (Liu et al. , 2008 Li et al. 2010a Li et al. , 2013a Kamaral et al. 2016; Sanjaya et al. 2016; Lothar et al. 2017) ; recent studies have even specifically screened and optimized SSR markers in G. uralensis (Liu et al. ,2017 . However, even given this recent research, the genetic diversity of Glycyrrhiza's certified medicinal populations yet remains unclear. Therefore, the objective of the present study is to use transcriptome SSR markers to reveal the genetic structure, distribution pattern, and evolutionary mechanism of these three populations, with G. pallidiflora serving as the outgroup. Our study provides a scientific basis for the rational development, protection, and sustainable utilization of germplasm resources.
Materials and Methods
Sampling A total of 736 licorice individuals were sampled from a total of 43 populations naturally distributed throughout seven provinces of China ( Fig. 1) : Xinjiang (A), Gansu (B), Inner Mongolia (C), Jilin (D), Qinghai (E), Ningxia (F), and Shaanxi (G). Among these populations, 32 were G. uralensis (592 samples), 3 were G. inflata (36 samples), 3 were G. glabra (36 samples), and 5 were G. pallidiflora (72 samples). No more than 20 individuals were collected at random from each population, with each sample being more than 10 m from the previous and all samples being located by GPS. The samples were identified as Glycyrrhiza by Professor Wenquan Wang who works in Beijing University of Chinese Medicine, China. The young leaves of each sample were collected and preserved with silica gel and brought back to the laboratory for DNA extraction. G. pallidiflora was chosen as the outgroup as it showed strong vital force and had overlapping distribution with the other three sample species.
DNA Extraction, SSR-Polymerase Chain Reaction Amplification, and Capillary Electrophoresis
Total genomic DNA was extracted using 2% hexadecyl trimethylammonium bromide, dissolved by 0.1 M TE (1 M Tris, 0.5 M EDTA) solution, and placed in a refrigerator at 4°C for future use. As shown in Table 1 , nine pairs of SSR primers were then selected according to their polymorphism and specificity , amplifying the 736 samples in polymerase chain reaction (PCR). PCR amplifications were performed in a 10-μL reaction mixture that contained 1 μL of 10× PCR buffer, 1.5 mM dNTPs, 1 μM primer, 5 U Taq-DNA polymerase, and 50 ng of template DNA; double-distilled water was then added to obtain the final 10 μL volume. Optimal PCR amplification was then performed, with pre-denaturation at 95°C for 5 min, 35 cycles of denaturation at 95°C for 40 s, annealing at 53-57°C for 50 s, extension at 72°C for 1 min, and a final extension at 72°C for 8 min; the samples were afterwards maintained at 4°C. Amplified products were tested using the Fragment Analyzer™.
Data Analysis
Amplified DNA polymorphic bands (fragments) were recorded based on standard molecular weight. In order to examine genetic diversity and genetic differentiation among the populations, the following parameters were calculated using GenAlEx 6.503 software (Peakall and Smouse 2012) : number of alleles (Na), effective number of alleles (Ne), Shannon's information index (I), Nei's gene diversity index (H), expected heterozygosity (He), observed heterozygosity (Ho), the intra-population inbreeding coefficient (F IS ), the total population inbreeding coefficient (F IT ), the genetic differentiation coefficient (F ST ), gene flow (Nm), and pairwise genetic identity and genetic distance based on Nei's measurement. To determine the genetic similarity coefficient (GI), genetic distances (GD), and genetic variation within and among populations, analysis of molecular variance (AMOVA) and principal component analysis (PCA) were performed via GenAlEx6.503. To explore phylogenetic relationships among populations, an unweighted pair-group method with an arithmetic mean (UPGMA) tree was constructed using NTSYS-pc software. To estimate the correlations between genetic distance and geographic distance among the populations, a Mantel test calculated genetic distance F ST / (1 − F ST ) and geographic distance (Mantel 1967) matrices. To compare the genetic structure of the 43 populations, Bayesian clustering was performed using Structure v 2.3.4 (Pritchard et al. 2000) . The number of cluster 
Results
The Nine SSR Loci of the 736 Individuals A total of 268 alleles were detected with the nine SSR markers from the 736 individual samples. The mean value of the rare alleles (≤ 1%) was 14.889, common alleles (1~≤ 20%) was 14.111, most frequent alleles (> 20%) was 0.778, and unique alleles was 7.667 (Table 2) .
Genetic Diversity of the Four Glycyrrhiza Species
To examine the genetic diversity among the 32 populations of G. uralensis, 3 populations of G. inflata, 3 populations o f G . g l a b r a , a n d 5 p o p u l a t i o n s o f o u t g r o u p G. pallidiflora, we used multiple parameters to assess the genetic diversity among the 32 populations of G. uralensis, 3 populations of G. inflata, 3 populations of G. glabra, and 5 populations of outgroup G. pallidiflora using GenAlEx 6.503 software (Table 3 ). In G. uralensis, Nei's gene diversity value (H) was 0.823 ± 0.035 and Shannon's information index (I) was 2.200 ± 0.202, indicating higher genetic diversity than the other species. The lowest genetic diversity was found in G. inflata (H = 0.696 ± 0.038; I = 1.540 ± 0.132). Interestingly, the overall genetic diversity of the four Glycyrrhiza species (H = 0.857 ± 0.026; I = 2.431 ± 0.177) was higher than that of each individual species. These results reveal that Glycyrrhiza is genetically diverse, allowing populations to survive in varying climes and habitats, particularly in the stark northern provinces of China.
Interspecies Genetic Differentiation Among the Four Glycyrrhiza Species
To further examine the genetic differentiation among Glycyrrhiza, the genetic differentiation coefficient (F ST ) and the intra-population inbreeding coefficient (F IS ) were calculated (Table 4) ; both have been shown to reflect lack of heterozygosity (Wright 1950) . At the genus level, our results show low genetic differentiation (F ST = 0.148 ± 0.012) and heightened gene flow (Nm = 1.570 ± 0.218), indicating that 14.8% of the genetic variation originated between species (rather than from within the species themselves). At the species level, G. inflata and G. glabra both showed low genetic differentiation and considerable gene flow ( Table 5 ). The total population inbreeding coefficient (F IT ) was − 0.012~1, with an average value of 0.477 ± 0.130; the intra-population inbreeding coefficient (F IS ) for total populations was − 0.169~1, with an average value of 0.393 ± 0.150. The expected heterozygosity (He) of the four species ranged from 0.662 to 0.835, and the observed heterozygosity (Ho) ranged from 0.000 to 0.893, with averages of 0.757 ± 0.018 and 0.465 ± 0.068, respectively. As average Ho was lower than He, Glycyrrhiza species with more homozygosity are suggested to have a heterozygote deficiency; thus, inbreeding is frequent in its populations. 
Genetic Distance Among the Four Glycyrrhiza Species
To understand the genetic distance and similarity among the four Glycyrrhiza species, pairwise genetic distance and identity were calculated based on Nei's measure (Table 6 ). Results show that the highest genetic similarity coefficient (GI) was found in both G. uralensis and G. inflata (0.533) while G. glabra (0.530) featured the highest genetic identity (GI); on the other hand, G. inflata and G. pallidiflora showed the lowest GI (0.108). Both G. inflata and G. uralensis showed a minimum genetic distance (GD) of 0.467, having a value similar to that of G. uralensis, G. inflata, and G. glabra. Overall, our results indicate great genetic distance between outgroup G. pallidiflora and the three ingroup species, with the furthest distance found between G. pallidiflora and G. inflata.
Genetic Variations of Glycyrrhiza
To further estimate the genetic variations both within and among populations as well as among species, we did a molecular variance analysis (Table 7) . First, we divided the Glycyrrhiza populations into seven regional groups according to geographical distribution and studied the genetic variation among the regional groups. These preliminary results show that genetic variation among regional groups was 3%, among populations within the region was 17%, and within the population itself was 80%. Next, we analyzed the species and the populations within each species, finding that genetic variation among the four species was 14%, among populations within the species was 13%, and within the population itself was 73%. We then similarly analyzed genetic variation within each species, analyzing the relationship among populations, among individuals within the population, and then within the population itself. The percentages we found for G. uralensis were 15%, 30%, and 55%, respectively; for G. inflata, 3%, 25%, and 72%; for G. glabra, 4%, 29%, and 67%; and last, for outgroup G. pallidiflora, 15%, 43%, and 42%. Our results were twofold: first, we found that genetic variation between species is more significant than between geographical regions; we also found that genetic variation within populations is significantly higher than between populations or among species (Table 7 , p = 0.001). These results indicated low genetic variation and heightened gene flow among the four Glycyrrhiza species.
Phylogenetic Relationship Among the Glycyrrhiza Populations
To examine the phylogenetic relationship among the 43 Glycyrrhiza populations, an UPGMA tree was constructed ( Fig. 2) . Populations in outgroup G. pallidiflora were grouped as one clade while the populations in the three ingroup species were clustered together in another clade, with G. uralensis and G. inflata clustered closer together than G. glabra. The results showed that G. inflata, G. glabra, and G. pallidiflora were clustered according to geographical origins, with the four populations of G. pallidiflora from Jilin province (blue shade) and the one from Xinjiang (green shade) being clearly divided into two groups. Intriguingly, we found that the G. uralensis populations were not clustered according to geographic origin, implying a more complex relationship among populations within this species (Fig. 2) . Last, the Mantel test revealed a significant positive correlation between genetic distance and geographic distance (r = 0.194, p = 0.010). This correlation indicates a significant isolation-by-distance effect among the different populations ( Fig. 3 ).
PCA of Glycyrrhiza
To further understand the genetic relationships of Glycyrrhiza, the 736 samples were analyzed using PCA based on a genetic distance matrix. Our results show that the first two eigenvectors explained 47.73% Na (mean number of alleles) ± SE, Ne (mean effective number of alleles) ± SE, H (Nei's gene diversity) ± SE, I (Shannon's information index) ± SE, Ho (observed heterozygosity) ± SE, He (expected heterozygosity) ± SE, F = fixation index = 1 − (Ho / He) of the total molecular variation, with PC1 accounting for 37.63% and PC2 accounting for 10.10% (Fig. 4) .
The results also show that the 43 populations were divided into two groups. This is consistent with the UPGMA tree showing a closer relationship among G. urale nsis, G. inflata, and G. glabra than G. pallidiflora (Fig. 2) .
Population Structure of Glycyrrhiza
To understand the population structure of the four Glycyrrhiza species, the 43 populations were assessed using Bayesian clustering analysis in STRUCTURE v2.3 (Fig. 5) ; the highest value of ΔK was adopted; twenty-four groups were classified (K = 24). Bayesian clustering indicated the lowest differentiation within G. uralensis. The numerous genetic introgressions of G. uralensis (Fig. 5 ) indicate that they have a complex genetic background potentially due to frequent inbreeding. Additionally, G. pallidiflora was clearly differentiated from the other three species. In sum, the Bayesian results concur with those of PCA and the UPGMA tree.
Discussion

Genetic Diversity of Glycyrrhiza
In the present study, we have used nine SSR markers developed from G. uralensis transcriptome data to investigate the genetic structure of four Glycyrrhiza species. (Adriana et al. 2005) . With regard to biological characteristics, Glycyrrhiza's two reproductive modes (sexual and asexual) co-occur in natural conditions, generally fostering high genetic diversity (Zhang and Peng 1960; Wang et al. 2003) . With regard to its propagation m e c h a n i s m s , s t a t i s t i c a l a n a l y s i s s h o w s t h a t Glycyrrhiza's longer lifespan and wide geographical distribution throughout Eurasia and the rest of the world tend towards higher diversity (Nybom 2004) . With regard to environmental factors, northwest China's arid and harsh environment tends to have organisms with higher levels of genetic variability (Nevo and Beiles 1989) . Furthermore, species that demonstrate morphological variation in stem color and leaf shape tend to have high genetic diversity: G. uralensis (I, 2.200; H, 0 . 8 2 3 ; H e , 0 . 8 2 4 ) , a l o n g w i t h C h i m o n a n t h u s grammatus and the apricot , all fit these criteria (Yang 2007) . In contrast, the genetic diversity of G. inflata and G. glabra is relatively low due to their natural habitat in Xinjiang increasingly being overtaken by agriculture, industry, and urban development. Thus, the number of populations in these two species has dropped dramatically in past decades and they have formed small, isolated populations more susceptible to genetic drift. This in turn has resulted in a reduction of the allele number and polymorphism (Yang et al. 2016) . The natural habitat of G. uralensis is wider than that of G. inflata and G. glabra, and most of the commercial trade is G. uralensis. Due to the frequent circulation of G. uralensis germplasm resources in different regions, under different habitat conditions and in the accumulation process of time, G. uralensis has allele variation of different degrees, and gradually accumulates in the offspring, which p r o m ot e s i t s h i g h e r ge n e t i c va r i a t i o n ab i l i t y. Therefore, G. uralensis has higher genetic diversity than G. inflata and G. glabra. So, we must protect the natural habitat of small and isolated wild Glycyrrhiza as much as possible to avoid further habitat fragmentation, and artificially remove and breed to increase the migration rate, protect the genetic diversity of small populations of Glycyrrhiza species, and minimize the genetic drift, so as to maintain the sustainable utilization of Glycyrrhiza germplasm resources.
Genetic Differentiation of Glycyrrhiza
The genetic differentiation coefficient is an index that measures and analyzes genetic diversity, bearing particular importance in understanding interspecies and intraspecies genetic variation and structure (Liu 2006) . Based on Nei's genetic differentiation coefficient, we observed that the four Glycyrrhiza species exhibited a medium degree of genetic differentiation (F ST = 0.148; Nm = 1.570) potentially due to its widespread geographical distribution and outcrossing mating type (Zhang et al. 1998) . This is consistent with a recent study that reported that plants with higher genetic diversity and lower differentiation between species generally have longer lifespans, wider distribution areas, and outcrossing mating types (Huang and Zhang 2012) .
In particular, G. uralensis shows the highest genetic differentiation among its populations (F ST = 0.188) when compared to G. glabra (F ST = 0.062), G. inflata (F ST = 0.055), and G. pallidiflora (F ST = 0.171). We hypothesize that this is primarily due to its wide geographic distribution across seven Chinese provinces, with gene flow among its populations having the potential to be disrupted. Furthermore, as wild G. uralensis resources have suffered from devastating over-excavation and market price increases over the past 20 years, discontinuous distribution and habitat fragmentation have resulted in even greater genetic differentiation. In general, genetic variation within and between populations is an important parameter for understanding population ecology (Hartl and Clark 2007) . Our AMOVA results show that most Glycyrrhiza genetic variation occurs between individuals within a given population rather than among populations or species (Table 7) , indicating that each species has high genetic susceptibility and strong gene flow. For example, although both G. inflata and G. glabra were collected from Xinjiang, the collection sites among its populations were relatively far away, thus leading to high genetic variation between its populations. As a further example, G. uralensis grows in dry and harsh northwestern China and experiences long-term selective pressure, thus gradually accumulating mutations that result in differences between individuals. This is consistent with a previous study that found that the agronomic traits and glycyrrhizic acid content of different populations in the same area are nevertheless different (Sun et al. 2007b) . AMOVA confirmed that genetic variation within Glycyrrhiza (86%) is significantly higher than that between species (14%). This is consistent with two studies. The first study instead used AFLP markers to measure genetic diversity in wild G. uralensis (Ge et al. 2009 ). The second study found that genetic variation generally indicates time for different alleles to spread between different populations (Zeller et al. 2004 ). Therefore, it seems reasonable to conclude that strong Furthermore, all three ingroup populations were found to be clustered together according to the UPGMA dendrogram based on Nei's genetic distance (Fig. 2) , with the genetic relationship between G. uralensis and G. inflata being closer than that between G. uralensis and G. glabra. This result is consistent with STRUCTURE and PCA results (Figs. 2 and  3) , as well as a previous study of the three ingroup licorice species (Liu 2011) . Furthermore, a previous study found that natural breeding occurred between G. uralensis and G. inflata as well as between G. uralensis and G. glabra, implying a close relationship among the three ingroup species (Tian et al. 2012; Xie et al. 2014) . Additionally, our UPGMA tree showed that the four populations of outgroup G. pallidiflora collected from Jilin were all clustered together minus one population from Xinjiang. This may be further evidence of geographical isolation and a strong natural selective force that has led to genetic diversity between its populations. By contrast, the 32 populations of G. uralensis do not show strict clustering by geographical origin, potentially due to the uncertainty of germplasm sources caused by artificial introduction, propagation, and commercial circulation.
Conservation of Germplasm Resources for Glycyrrhiza
G. uralensis, G. inflata, and G. glabra are the only medicinal species included in the Chinese Pharmacopoeia (2015 edition), their dried roots and rhizomes considered as medicinal materials. G. pallidiflora, however, is not listed in the Chinese Pharmacopoeia due to its limited reserves and lack of research, although that does not stop its fruit still being used for medicines in local markets. Among the four species, G. uralensis is the most common, versatile, and widely distributed, whereas the other three species are less utilized due to limited geographical distribution and difference in effective components.
Thus, considering G. uralensis's economic over-exploitation, long growth period, difficulty in restoring its growth cycle, scattered and segmented distribution (Huang et al. 2010) , increase in demand, and sharp reduction in number and population of wild resources, Glycyrrhiza biodiversity faces an unprecedented threat (Liu et al. 2013; Song 2016 . Although cultivation can relieve some of the production pressure, artificially cultivated glycyrrhizic acid has reduced medicinal content (Huang et al. 2010; Wang 2000; Wei et al. 2003) . Therefore, our study on the genetic diversity of Glycyrrhiza provides a valuable scientific basis for the rational development, protection, and sustainable utilization of germplasm resources. Future studies should thus focus on screening high-quality licorice germplasm and constructing core licorice germplasm resources. 
